We report 209 Bi nuclear magnetic resonance (NMR) spectra of in nanowires and single crystals of Bi2Se3. Crystals were powdered to simulate the random orientation of the nanowires, and the spectra are compared with theoretical expectations derived via an orientational study of a single crystal. The nanowire spectra are consistent with the randomly oriented powders, however we find an unusual suppression of signal intensity as a function of field orientation that may be associated with screening by surface currents.
I. INTRODUCTION
Topological insulators have attracted significant attention in the condensed matter community in recent years because of their potential applications in the field of spintronics. [1] [2] [3] Their electronic band gap behaves as that of an insulator in the bulk, but because of large spinorbit coupling the topology of the bands are modified and protected surface states emerge which are gapless and conducting. In these surface electronic states the electron spin is locked to the momentum, and thus the surface could carry spin currents. 4 In these materials the electronic backscattering on the surface is strongly suppressed, possibly making these currents dissipation-less and useful in spintronics applications.
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The most actively studied experimental realization of topological surface states are materials in the bismuth chalcogenide family. Here we focus on Bi 2 Se 3 , the first such material that has attracted significant attention because of the discovery of topological surface states in 2009. 6, 7 Bi 2 Se 3 has a rhombohedral crystal structure consisting of quintuple layers of triangular lattice planes, in the pattern Se-Bi-Se-Bi-Se. 7 In principle this material should be a 350 meV band gap semiconductor in the bulk with conducting surface states carrying spin currents; however in practice there is an inherent chemical tendency for Se atoms to be missing from the lattice that significantly modify the bulk properties. 8 These vacancies act as donors and render the bulk states degenerate, and often metallic, thereby making the surface transport properties difficult to observe. 9 Angle resolved photoemission spectroscopy (ARPES) studies have enabled detailed studies of the surface electronic dispersion [10] [11] [12] , but little is known about the microscopic behavior of the electronic states in these materials. 13 We have studied the interactions between the electronic states and the nuclei through nuclear magnetic resonance (NMR).
Our previous study of the NMR properties of Bi 2 Se 3 single crystals revealed a significant hyperfine coupling between the 209 Bi nuclei and the bulk electrons. 7 In principle, the hyperfine interactions between nuclei and electrons can give rise to spin-spin scattering and hence lead to the decoherence of polarized electron spins.
14 Since the potential applications of topological insulators involve taking advantage of the spin polarization of currents, it is important to understand how the hyperfine interaction will affect the spins of the surface states. It is vital, therefore, to investigate the NMR response of surface nuclei in topological insulators. 15 However, the lattice distances between the individual atoms in the triangular lattice planes of Bi 2 Se 3 is about 4.14Å whereas the distance between the Bi monolayers is 4.3Åon average.
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This means that there were more than 1 million bulk nuclei for each surface nucleus in the large single crystals used in our previous work, which were on the order of 5 mm x 5 mm x 0.5 mm. Having enough surface nuclei to detect them against a bulk background requires a powder consisting of small particles with large surface-to-volume ratios. Even for samples ground via a mortar-and-pestle, the particle sizes are usually 10 µm or larger in diameter, there are on the order of 30 000 or more bulk nuclei for each near-surface nucleus of 209 Bi. Therefore it is difficult to discern the surface states against the bulk background in a magnetic resonance experiment in a random powder, unless special techniques are used to grow nanoscale particles.
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Here we report a 209 Bi NMR study in both Bi 2 Se 3 nanowires and ground crystalline powders. A previous 125 Te NMR study of the related material Bi 2 Te 3 revealed features in the powder spectra consistent with surface nuclei. 15 However, in order to discern how the hyperfine interaction may play a role in affecting the surface states, it is important to connect the behavior in single crystals with that in random powders. We have investigated the 209 Bi NMR properties of the bulk states in micron scale powders of Bi 2 Se 3 . As particle size decreases, surfaceto-volume ratio increases as a natural consequence of the fact that surface area increases in proportion to two length scales of the particle, while volume increases in proportion to three. The smallest particles used in this study are predominantly rod-shaped and plate-shaped. The surface area to volume ratio of a cylinder of radius r and height h is given by:
The surface of a nanowire of Bi 2 Se 3 has on the order of n S = 6 209 Bi nuclei nm −2 while the volume has n V = 7.9 209 Bi nm −3 . Thus the ratio of surface to volume nuclei is
Since the nanowires used in our study have radii of the order of 100 nm, around 2% of the nuclei in the nano particle sample should be the Bi nuclei near the surface, the ones with the strongest hyperfine interactions with the chiral electronic states. In contrast, for our powders ground from large single crystals with a mortar and pestle we expect on the order of 0.001% of the nuclei reflect properties of the surface. Nevertheless, we find that both the nanowire and powdered samples both exhibit similar spectra, and we compare these results to the angular dependence of the spectrum of a single crystal. Surprisingly, however, the spectral intensity drops significantly as the field is rotated out of plane. This suppression of intensity does not appear to arise due to variations of either the spin-lattice relation or spin-spin decoherence rate as a function of angle. We speculate, therefore, that this angular-dependent suppression reflects an anomalous screening of the radiofrequency NMR excitation pulses.
II. EXPERIMENTAL METHODS
Single crystals of Bi 2 Se 3 were grown by the Bridgman method described previously 7 using stoichiometric amounts of Bi and Se in evacuated quartz ampoules. Powder X-ray diffraction using a Siemens D500 X-ray diffractometer confirms that the sample is phase-pure Bi 2 Se 3 .
7 Nanoribbons and nanoplates were grown from 99.999% pure powdered Bi 2 Se 3 provided by Alfa Aesar, Inc., by a chemical vapor deposition method modified from previous literature. 17 The powder was heated to about 580
• C in a tube furnace and nitrogen gas was flowed to carry the vapor to a Si substrate covered with 20 nm diameter Au nanoparticles from Ted Pella, Inc. The pressure was kept at about 0.6 Torr using a vacuum pump. The resulting nanoribbons were typically 40 nm × 100 nm × 30 µm and the nanoplates ranged from 5 µm to 50 µm. X-ray diffraction confirms that nanoribbons and nanoplates grown by this method are phasepure Bi 2 Se 3 (Fig. 1a) .
NMR measurements were performed on powder samples at a magnetic field of 9 T and a temperature of 10 K using a Quantum Design Physical Properties Measurement System (PPMS) for field and temperature control. The nuclear spin of the Bi nucleus in this material is described the the Hamiltonian:
γ = 0.6842 kHz/G is the gyromagnetic ratio, H 0 is the external field of 9 T for mortar-and-pestle powders or 8.795 T for nanowires,Î α are the nuclear spin operators, ν cc is the electric field gradient along the c-direction, θ is the angle between the magnetic field and c-axis, and H hf is the hyperfine interaction between the nucleus and the electronic spins. 18 In this case there are nine transitions equally split by an amount ∆ν Q given by:
For the single crystal a single-axis goniometer probe was used to take spectra and relaxation rate measurements as a function of angle, θ, in 9
• intervals. Single-crystal spectra are shown in Fig. 2a . NMR measurements were conducted on the nanoribbons by filling a gelatin capsule with approximately 10 mg of material and placing the capsule within the NMR coil. Data were acquired at 8.795 T and 5 K, and spectra are shown in Fig. 3 . In order to compare the nanoribbons with the material grown via bulk synthesis, crystals were ground to a powder using a mortar and pestle. These samples were first measured as-prepared, then mixed with powdered Si and annealed in an Ar atmosphere at 327
• C for 135 minutes to relieve mechanical strains. To rule out possible alignment of the powder grains with the 9 T magnetic field, we then fixed the powder in an epoxy resin at zero magnetic field then measured the powder sample again. As seen in Fig. 4 , the spectra remain unchanged indicating that neither strain-induced broadening or partial alignment of the random powder are significant effects. By integrating the spectra of the mortar-and-pestle and nanowire samples we estimate their respective Knight shifts, K, to be 0.58(5)% and 0.62(5)%, respectively. The Knight shift in Bi 2 Se 3 is known to be correlated with the density of charge carriers in the material.
7 From the previously obtained relationship the carrier concentrations of the ground powder and nanowires are respectively n ground ≈ 9.9×10 −18 cm −3 and n nano ≈ 1.3×10 −19 cm −3 , which attests to the high quality of the nanoribbon samples.
III. RESULTS AND DISCUSSION
As seen in Fig. 2a , the single crystal NMR spectra vary strongly with field orientation. In a powder, each grain or crystallite will have a random orientation with respect to the field, giving rise to the broad powder patterns observed in Figs. 3 and 4 . In order to quantify these spectra, we measured the detailed angular dependence of the single crystal. The observed spectra agree well with the predicted angular variation of the quadrupolar interaction (Fig. 2b) , and reveal a quadrupolar splitting ν cc = 160 kHz, which is comparable to the line width in most samples. 7, 19 As a result, the powder patterns are not expected to display the sharp horns often observed in other NMR powder spectra of quadrupolar nuclei.
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However, we find that the observed spectra differ significantly from the theoretical expectations. Figure 5 shows theoretical powder patterns for the Bi calculated via three separate methods. In method (A) the spectrum was calculated via a weighted sum of spectra from each of the nine satellite transitions. Each transition is given by a Lorentzian:
, where ∆ω n is the line width of the transition n (set to a fixed value of 40 kHz based on the single crystal spectra), ω n (θ) = ω 0 + n∆ν Q (θ), ω 0 = 62 MHz is the center frequency, and A n is the amplitude of the n th transition: A n = I(I + 1) − n − and are give by:
where r =
is the anisotropy ratio of the hyperfine field at the Bi sites. Here we have taken r = 1 for concreteness. The powder pattern is then given by the sum of all of these transitions at all angles:
This approach yields a spectrum that is peaked close to ω 0 , as seen in Fig. 5 , but does not agree with the experimental result (E). In order to discern the origin of the discrepancy with the experimentally observed powder spectrum, we also computed the spectrum using the amplitudes A n as measured in the single crystal (Fig. 2a) for θ = 0
• , rather than the theoretical amplitudes discussed above. Although the satellite amplitude typically decreases with frequency distance from center 20, 22 , the Bi satellite amplitudes in Bi 2 Se 3 have been observed to differ from theoretical expectations, and have been attributed to T 2 effects. 19 The theoretical single-crystal spectra using these fitted amplitudes are shown in Fig. 2b , and the resulting powder pattern is shown as spectrum (B) in Fig.  5 . Again, the powder pattern still exhibits a large peak at ω 0 and disagrees with experiment.
In method (C) the theoretical powder pattern was determined simply by summing the measured single-crystal spectra as a function of angle, weighted by sin θ. In this case, the pattern reveals several bumps not present in the first two; however these bumps most likely arise because Bi spectra of Bi2Se3 ground with a mortar and pestle, showing the spectrum of bulk states. The data was first taken with the powder asmade (blue squares), then after strain relief (green circles), then after fixing in epoxy resin in zero field to prevent alignment of grains (red triangles). All three spectra are dominated by two broad peaks, as in the nanoparticle case (Fig.  3) .
of the limited set of angles used (only eleven experimental spectra). To test this idea, we computed the theoretical spectrum using the same limited set of angles, which reproduces the bumps due to the relatively large intervals between angles ( Figure 5D ).
It is clear that the theoretical powder spectra (A-D) in Fig. 5 are inconsistent with the observed spectrum (E) and those in Fig. 3 . Whereas the theoretical powder pattern indicates a large spectral weight at the center, the powder and nanoparticle spectra show suppressed intensity at the center. All of these powder spectra taken from the same batch of Bi 2 Se 3 crystals reveal two broad peaks with a small, narrow central peak regardless of whether strains are relieved or crystals are prevented from aligning in the field by epoxy resin. The spectrum for the nanoparticles of Bi 2 Se 3 reveals a similar anomalous structure. There are two broad peaks at roughly the same frequencies as the powder spectra, however the narrow central peak is absent in the nanoparticle spectrum. Previous studies on Bi 2 Se 3 grown by other methods 19 do not reproduce the narrow central peak that we see in our single-crystal spectra at higher angles, which may be due to a small impurity phase or some other feature unique to our samples.
The discrepancy between the theoretical and observed powder patterns can be explained if the spectral intensity is significantly suppressed for large angles θ. This discrepancy is even evident in the single crystal spectra shown in Fig. 2 spectrum follows expectations as θ approaches 90
• , but there appears to be a significant drop in intensity, particularly near 60
• . The total spectral area is shown in Figure 6 , which indicates that roughly 50% of the intensity is missing for θ 45
• . The area under the spectra should remain constant, reflecting the number of nuclei contributing to the NMR signal. Such an effect could be caused by a strong angular dependence of T 2 . However, direct measurements of T 2 in the single crystal as a function of θ do not reveal any anomalous behavior (see Fig.  8 ). The origin of this behavior is not understood, but could be related to a suppression of the rf screening at this angle.
For the powder pattern, we also find that the spectra for higher angles contribute less to the overall intensity. To see this, we computed the powder pattern by introducing a new parameter, β(θ) representing a weighting factor as a function of angle:
Using the approach (B) now with the additional β(θ) factor in Eq. 8, we are able to produce a function that resembles the observed two-peak powder pattern in shape but not in frequency width using a function
2 , where ∆θ 0 = 0.2, ∆θ 1 = 0.25, θ 1 = 0.35, α = 0.8 (Fig. 7, black line ). An attempt with a single Gaussian and a smaller range of angles, corresponding to the above parameters except for α = 0, reproduces the width but leaves the nine-peaked structure (Fig. 7, blue line) . The respective β(θ) for the two parameter sets are the black and blue lines in Fig.  6 . The β(θ) weighting factor clearly drops off dramatically for θ 10
• . This result suggests that only grains near H c contribute to the signal in the powder samples. Note that there is an apparent minimum close to the magic angle of 54.7
• , which may be related to the fact that multiple satellite transitions are excited at this angle.
Although the powder spectrum appears to arise solely from grains near H c, the value of ν Q in that regime changes little as a function of angle. As a result, if there were no additional line-broadening mechanisms in the powder samples, the spectrum would be expected to resemble the blue line in Fig. 7 , where all nine transitions are visible. If the hypothesis of suppressed crystal orientations is true, then the broad spectra that we observe could be explained by an increase in the electric quadrupolar broadening of line widths in the powder samples compared to single crystals. This is consistent with the fact that, even when relieved of mechanical strains, the powder samples still produce spectral "tails" at the low and high frequency ends that are absent from the single-crystal spectra. Perfoming the aforementioned calculations using parameters ∆θ 0 = 0.1, ∆θ 1 = 0.1, θ 1 = 0.35, α = 0.2 for β(θ) (Fig. 6, green line) , with an additional quadrupolar broadening ν Q = 80 kHz, produces a spectrum similar to what we observe, but with a much taller central peak, compared to the surrounding resonances, than in the experimental spectra (Fig. 7, green  line) . Strain-induced broadening of the EFG distribution would also explain the extended tails observed in the powder spectra.
In order to test whether this strong angular suppression is a result of spin-spin decoherence, we measured the spin-echo decoherence rate, T
−1 2
as a function of angle in the single crystal, shown in Fig. 8 . There is no clear evidence for any significant angular dependence in the single crystal, but we cannot rule out that T −1 2 may exhibit a stronger angular dependence in the powder or nanoparticle samples.
Another potential explanation for the suppression of signal in the powder/nanoparticle materials for large angles is that the radiofrequency field H 1 is altered by the presence of surface currents in these topological insulator samples. In order to excite the nuclei in the material, the NMR coil creates a dynamic field B 1 , which gives rise to a field H 1 = B 1 /µ 0 − M inside the material of interest. For conductors, H 1 becomes non-uniform, and decays within the skin-depth of the conducting surface. As a result, only the nuclei within the skin depth (typically several microns) are excited by the NMR pulses and contribute to the signal. The optimal pulse length for a single crystal is determined by maximizing the signal intensity as a function of pulse length, but since H 1 is non-uniform not all of the nuclei within the skin depth are rotated by the same angle during this pulse, and thus the signal intensity varies only weakly with pulse length. In a topological insulator, protected surface states are expected to carry spin currents, which would give rise to discontinuities in the magnetization, ∆M , at the surface of the material.
10 If this discontinuity depends on the field orientation relative to the normal of the plane of crystallites (along (001)), then it may explain the strong angular variation we observe in the intensity of the NMR response. For the single crystal studies, the optimal pulse length varies only minimally as a function of field orientation because H 1 remains inhomogeneous, regardless of the angular dependence of the magnetization discontinuity, ∆M (θ). However, if the particle size is on the order of the skin depth, then H 1 will remain fairly homogeneous over the sample volume, and thus the signal intensity will depend strongly on the pulse length. If ∆M (θ) varies strongly with θ, then the optimal pulse length will also vary strongly with orientation of the crystallite. As a result, for a random powder or ensemble of nanoparticles with a distribution of grain sizes on the order of the skin depth, the optimal pulse length can preferentially weight one orientation more than another. If ∆M (θ) arises from surface spin currents in our Bi 2 Se 3 samples, it may explain the anomalous spectra we observe. In order to explain the suppression observed in Fig. 6 , we would estimate ∆M (90 • ) ∼ 0.1∆M (0 • ). Unfortunately a complete theory of the magnetic response of topological insulators remains lacking at present, however, a large paramagnetic susceptibility associated with the surface in this material has been reported recently.
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This anomalous magnetic response of the surface may be related to the unusual angular dependence we observe in our NMR spectra, and suggests that further experiments are needed to clarify the behavior of these materials.
In modeling the spectra of the powder and nanoparticles, we have assumed that the electronic behavior is uniform for all grains and crystallites. The fact that the powder spectra from ground single crystals and the nano-particle spectra exhibit similar features suggests that such an approach may be justified, but we can not rule out the possibility that the electronic response in the distribution of small grains differs from the bulk single crystal. This difference may be manifest as different relaxation rates, T −1 with orientation and/or crystallite dimensions and therefore explain the discrepancy observed in Fig. 7 .
In summary, we have measured the 209 Bi NMR response in nanoparticles, ground powders, and single crystals of Bi 2 Se 3 , and have observed an anomalous suppression of signal at high angles of the field relative to the (001) direction. Our experiments rule out either a partial alignment of the crystallites by the magnetic field, or an anomalous orientational dependence of the spin-spin decoherence time, T −1 2 . We suggest that our observations may be related to an anomalous magnetic response arising from the surface currents associated with the topologically protected states in this material. Further experiments are required to fully characterize the response of these materials to NMR pulses.
